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The  following  work  has  been  carried  out  during  the  reporting  period,  (i)  imaging 
of  pitting  corrosion  initiation  in  aluminum  at  the  nanometer  scale;  (ii)  study  of  the  effects 
of  main  atmospheric  pollutants  on  the  initiation  of  the  corrosion  process;  (iii)  identification 
of  surface  regions  at  an  aluminum  sample  where  corrosion  is  most  likely  to  occur;  (iv) 
measurements  of  the  electrochemical  impedance  spectra  on  A1  sample  before  and  during 
the  pitting  process  in  NaCl;  (v)  identification  of  the  impedance  parameters  characteristic 
for  the  pitting  the  corrosion  of  the  aluminum  sample. 

(i)  Imaging  of  pitting  corrosion  initiation  in  aluminum  at  the  nanometer  scale  by 
atomic  force  microscope  (AFM). 

In  this  study,  AFM  NanoScope  III  (Digital  Instruments,  CA)  was  used.  AFM 
measures  the  attractive  or  repulsive  force  between  a  sharp  tip  (located  at  the  end  of  a  long 
cantilever  with  a  low  spring  constant)  and  the  sample  which  is  used  to  image  the  surface 
topography.  As  with  other  scanning  probe  microscopes  (SPMs),  AFM  allows  three- 
dimensional  imaging  of  surface  structures  atomic  to  micro  scale.  As  opposed  to  optical 
and  electron  microscopes  (e.g.,  scanning  electron  microscope,  SEM,  and  transmission 
electron  microscopes,  TEM)  which  can  be  operated  only  in  vacuum,  SPMs  can  be  used  as 
well  in  air  and  in  liquids. 

As  a  standard  procedure,  the  AFM  NanoScope  III  instrument  was  calibrated  by 
the  imaging  of  a  graphite  single  crystal  surface.  Figure  1  shows  the  AFM  image  of  that 
surface.  Atomic  resolution  was  obtained,  and  the  lattice  distance  corresponded  to  the 
values  reported  in  the  literature  (1). 

Next,  the  imaging  of  a  polished  aluminum  surface  was  carried  out.  The  sample  was 
prepared  as  follows.  An  aluminum  disc,  6  mm  diameter  (AESAR,  99.9965%)  was 
polished  with  1  pm  diamond  paste  (Buehler)  and  then  with  silica  gel  (0.05  pm,  Buehler) 
until  a  mirror  finished  surface  was  obtained.  Before  the  AFM  imaging,  the  surface  was 
cleaned  with  methanol.  Figures  2  and  3  show  the  AFM  imaging  of  the  aluminum  surface  at 
two  different  resolutions  at  nanometer  scale.  At  these  high  resolutions,  some  surface 
structures  could  be  observed  (e.g.,  small  pits).  This  indicated  that  the  previous  surface 
treatment  did  not  completely  produce  a  flat  surface^ .  Figure  3b  shows  a  cross  section  of  a 
deep  pit  from  Figure  3  a  (cf ,  red  arrows).  The  depth  of  the  pit  was  about  5  nm,  and  the 
width  was  about  276.5  nm.  The  width  to  depth  ratio  of  this  pit  was  about  55. 


(ii)  Study  of  the  effects  of  main  atmospheric  pollutants  on  the  corrosion  process. 

To  study  the  effect  of  some  atmospheric  pollutants  on  the  corrosion  process,  an 
aluminum  sample  was  exposed  to  0.6  M  NaCI  solution.  Figure  4  shows  the  cyclic 
voltammogram  of  the  aluminum  sample  in  the  NaCl  solution.  The  pitting  potential  was 
located  at  about  -0.73  V/SCE.  No  active/passive  transition  region  could  be  observed  in 


*  These  pits  could  be  produced  with  the  silica  gel  treatment. 
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Figure  3a.  AFM  image  of  an  Al  sample  after  the  mirror 
finish  polishing .  Vertical  scale  is  10.0  nm. 


5.0  nm 


the  presence  of  the  chloride  ions.  The  electrochemical  potential  control  at  the  electrode 
pitting  potential  allowed  us  to  accelerate  and  manipulate  the  degree  of  corrosion  of  the 


Figure  4.  Cyclic  voltammetry  of  aluminum  in  0.6  M  NaCl  solution.  Scan  rate  =  5  mV  s’*. 


In  order  to  obtain  images  of  the  corroded  aluminum  surface  at  the  nanometer 
scale,  a  sample  with  a  mirror  surface  finish  was  exposed  to  the  NaCl  solution  and  the 
corrosion  process  was  accelerated  by  applying  an  electrochemical  potential  corresponding 
to  the  pitting  potential  (cf ,  Figure  4)  for  1  minute.  The  surface  of  the  sample  was  then 
inspected  by  AFM.  Figures  5-7  show  the  AFM  images  of  the  corroded  aluminum  surface 
at  different  resolutions.  Those  figures  can  be  compared  with  the  AFM  images  of  the  non- 
corroded,  polished  aluminum  surface  (cf ,  Figures  2  and  3).  Figure  5  is  at  the  same 
horizontal  resolution  as  Figure  2,  although  the  vertical  scale  in  Figure  5  is  2.5  time  less 
sensitive.  The  AFM  image  of  the  electrochemically  corroded  surface  shown  in  Figure  5 
shows  a  surface  with  much  more  developed  surface  structures  (e  g.,  pits)  compared  to  a 
non-corroded  surface  shown  in  Figure  2,  even  at  the  lower  vertical  scale  resolution.  The 
same  observation  was  obtained  fi’om  Figure  6a.  Compared  with  Figure  3  a,  Figure  6a 
shows  a  corroded  surface  with  much  higher  density  of  pits  and  are  also  deeper  pits.  Figure 
6b  shows  the  cross  section  of  several  of  those  pits  (cf ,  arrows).  For  some  of  those  pits, 
the  depth  could  not  be  determined  for  it  was  deeper  than  the  instrument  detection  limit. 
For  other  pits,  the  width  to  depth  ratio  was  about  1 7,  smaller  than  that  obtained  before 
corrosion  (c.f ,  Figure  3).  Figure  7a  shows  two  of  the  pits  from  Figure  6a  at  a  higher 
magnification,  and  Figure  7b  shows  their  cross  section.  The  width  to  depth  ratio  was 
about  14.  This  ratio  provides  useful  information  on  the  mechanism  of  corrosion  of  the  A1 
sample  in  the  NaCl  solution;  the  corrosion  process  is  localized,  and  the  growth  of  the  pits 
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Figure  5.  AFM  image  of  an  A1  sample  after  electrochonically 
induced  corrosion.  Vertical  scale  is  50.0  nm. 
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Figure  7a.  AFM  image  at  high  magnification  of  two  pits 
on  an  electrochemically  corroded  Al  sample. 
Vertical  scale  is  15 .0  nm. 


was  faster  toward  the  bulk  of  the  material  (i.e.,  in  the  vertical  direction)  than  along  the 
surface  (i.e.,  horizontal  direction) 


It  is  important  to  underline  that  these  deep  changes  observed  on  the  A1  sample  by 
AFM  at  the  nanometer  scale  where  introduced  after  holding  the  sample  at  the  pitting 
potential  for  only  1  minute.  Thus,  the  control  of  the  electrode  potential  is  fundamental  in 
the  determination  of  the  mechanism  of  the  accelerated  corrosion  process  On  the  other 
hand,  AFM  is  shown  to  be  sensitive  to  nanometer  scale  changes  introduced  at  the 
initiation  stage  of  the  corrosion  process. 


(iii)  Identiflcation  of  surface  regions  where  corrosion  is  most  likely  to  occur  by  the 
use  of  AFM 

Figure  5  shows  an  AFM  image  of  a  corroded  AJ  sample  with  a  high  density  of  pits 
developed  along  two  “lines”  (cf ,  upper  right  comer).  These  “lines”  correspond  to  two 
scratches  already  present  before  the  pitting  corrosion  was  electrochemically  induced  in  the 
Al  sample.  Figure  5  indicates  that  the  formation  of  pits  induced  electrochemically  took 
place  preferentially  along  surface  features  already  present  at  the  sample  surface,  such  as 
scratches  or  steps. 


(iv)  Impedance  spectra  of  an  aluminum  sample  before  and  during  the  pitting 
corrosion  process  in  NaCI  solution 

In  order  to  describe  the  events  which  occur  on  a  corroding  surface  before  and 
during  localized  corrosion,  the  impedance  spectroscopy  technique  was  used.  This 
technique  was  used  to  complement  the  information  gained  from  the  AFM  experiments  and 
to  investigate  the  mechanism  of  the  corrosion  process. 

The  impedance  spectra  of  an  aluminum  sample  (mirror  finish  surface)  were 
measured  in  0.6  M  NaCl  solution.  A  small  ac  voltage  was  applied  (20  mV  rms)  and  the 
frequency  of  the  signal  was  scanned  between  10  KHz  and  0.5  Hz.  The  spectra  were 
recorded  before,  during,  and  after  the  pitting  corrosion  process  took  placed  on  the  Al 
sample.  The  pit  formation  was  electrochemically  induced  by  controlling  the  electrode 
potential.  Figure  8  shows  the  Nyquist  plot  (imaginary  (Z”)  vs  real  (Z’)  impedance 
components)  obtained  at  the  open  circuit  potential,  Vopen  (i.e.,  before  the 
electrochemically  induced  corrosion  process)  and  at  the  potential  before  the  pitting 
corrosion,  Vcor^ .  It  was  found  that  the  features  of  the  Nyquist  plot  could  be  taken  as 
characteristic  for  the  corrosion  state  of  the  Al  sample  ,  the  corrosion  process  caused  a 
significant  decrease  in  the  impedance  values.  These  changes  were  even  more  pronounced 


^  Vcor  was  about  100  mV  more  cathodic  than  the  pitting  potential.  At  Vcor,  a  small 
anodic  current  (about  30  pA  cm'^)  was  observed,  indicating  that  electrochemically  induced 
corrosion  was  taking  place. 
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when  the  spectra  obtained  at  V  open,  where  the  corrosion  process  was  not  taking  placed 
were  compared  with  the  first  spectrum  taken  at  Vcor,  where  the  corrosion  process  was 
just  initialized.  The  first  two  spectra  taken  at  Vcor  (within  2  minutes)  were  also  markedly 
different,  indicating  that  the  impedance  data  were  very  sensitive  to  the  kinetics  of  the 
corrosion  process.  Impedance  spectra  taken  a  successively  during  the  corrosion  process 
(after  applying  the  pitting  potential  for  I,  2,  3,  and  5  minutes)  are  also  shown  in  Figure  8. 
At  prolonged  corrosion,  the  impedance  spectra  showed  a  decreased  in  both  imaginary  and 
real  components. 
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Figure  8.  Nyquist  plot  obtained  at  different  degrees  of  corrosion.  For  the  last  f  iur  plots, 
the  electrode  potential  was  held  at  the  pitting  potential  (for  1,  2,  3,  and  5  min., 
respectively).  All  the  impedance  spectra  were  obtained  at  Vcor,  except  for  the 
first  two  spectra,  which  were  obtained  at  Vopen.  The  third  and  four  plots  were 
obtained  at  Vcor,  before  the  pitting  potential  was  applied.  Surface  area  was  0.283 
cm  . 


To  answer  the  question  if  the  observed  corrosion  effects  on  the  impedance  data 
were  due  only  to  changes  in  the  surface  area  of  the  A1  sample,  the  Bode  plots  were 
recorded.  Figures  9  and  10  show  the  logZ  (Z  =  (Z’^  +  Z”^)*'^)  and  angle  (angle  =  arctg 
(Z’VZ’)),  respectively,  as  a  function  of  the  log(frequency).  Again,  marked  differences  were 
obtained  at  different  stages  of  the  corrosion.  These  differences  were  obtained  at 
frequencies  below  100  Hz.  In  the  angle  vs  log(frequency)  plot  a  maximum  was  reached  at 
about  100  Hz.  At  the  open  circuit  potential  (i.e.,  in  the  absence  of  corrosion)  the  angle  vs 
log(ffequency)  plot  was  much  broader  than  in  the  other  cases.  Similar  observations  were 
found  by  Mansfeld  et  al.  (2),  indicating  that  the  impedance  results  can  provide  information 
on  the  degree  of  corrosion  of  an  Al  sample. 
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Figure  9.  LogZ  vs  Iog( frequency)  vs  log(frequency)  obtained  at  different  degrees  of 

corrosion.  For  the  last  four  plots,  the  electrode  potential  was  held  at  the  pitting 
potential  (for  I,  2,  3,  and  5  min.,  respectively).  All  the  impedance  spectra  were 
obtained  at  Vcor,  except  for  the  first  two  spectra,  which  were  obtained  at 
Vopen.  The  third  and  four  plots  were  obtained  at  Vcor,  before  the  pitting 
potential  was  applied.  Surface  area  was  0.283  cm‘^. 
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Figure  10.  Angle  vs  log(ffequency)  obtained  at  different  degrees  of  corrosion.  For  the  last 
four  plots,  the  electrode  potential  was  held  at  the  pitting  potential  (for  1,  2,  3, 
and  5  min.,  respectively).  All  the  impedance  spectra  were  obtained  at  Vcor, 
except  for  the  first  two  spectra,  which  were  obtained  at  N'open.  The  third  and 
four  plots  were  obtained  at  Vcor,  before  the  pitting  potential  was  applied. 
Surface  area  was  0.283  cm'^. 
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It  is  interesting  to  compare  the  results  obtained  by  AFM  and  the  impedance 
spectroscopy  technique.  After  1  minute  of  accelerated  electrochemical  corrosion  (i  e  ,  at 
the  pitting  potential)  both  the  AFM  images  and  the  impedance  data  showed  characteristic 
changes,  and  for  the  pitting  initiation  process.  The  AFM  images  provided  information  on 
the  nanometer  scale  whereas  the  changes  in  the  impedance  data  provided  a  way  of 
monitoring  the  corrosion  process  by  macroscopic  parameters. 

(v)  Identification  of  a  critical  frequency  where  the  change  in  the  imped, 
parameters  caused  by  the  corrosion  of  the  aluminum  sample  exhibited  a  Aimum 

Figures  9  and  10  shows  the  Bode  plots  as  a  fiinction  of  the  log(frequency).  In  both 
cases,  it  is  observed  that  marked  differences  between  different  degree  of  corrosion  were 
obtained  at  frequencies  below  100  Hz.  This  result  indicates  that  the  in  order  to  detect  the 
degree  of  the  corrosion,  the  impedance  analysis  could  be  reduced  to  only  a  few 
characteristic  frequencies,  thus  reducing  the  time  for  data  acquisition. 

WORK  TO  BE  PERFORMED  DURING  NEXT  REPORT  PERIOD 


Real  time,  in  situ  AFM  imaging  of  the  corrosion  of  A1  sample  at  the  open  circuit 
potential  and  under  accelerated  electrochemical  corrosion  is  planned.  Same  experiments 
will  be  carried  out  for  AJ  alloy  samples  (A1  7075).  Impedance  spectroscopy  analysis, 
similar  to  the  one  presented  in  this  report,  will  be  carried  out  for  the  alloy  samples 
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